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TRIBOLOGICAL EVALUATION OF VARIOUS SURFACE TREATMENTS FOR M2 TOOL S1EEL IN A
REFRIGERANT ENVIRONMENT
Todor Sheiretov, Willem Van Glabbeek, Cris Cusano
Air Conditioning and Refrigeration Center
Department of Mechanical and Industrial Engineering
University of Illinois at Urbana-Champaign
Urbana, Illinois
ABSTRACT
Friction and wear characteristics of the vane-piston contact of a rolling piston compressor are experimentally
evaluated. The evaluation is based on a specimen testing program conducted under conditions which closely simulate the
operation of the tribo-contact. The geometry of contact, temperature, environment and type of relative motion are simulated
by means of a unique high pressure tribometer. An M2 tool steel vane running against a cast iron piston is the material pair
studied. Various surface treatments for M2 steel, ·which were believed to improve the tribological characteristics of the
contact, are evaluated. The specimens are lubricated by polyolester and alkylbenzene oils. The tribological characteristics of
gas, ion, and liquid nitrided, as well as boronized and TiN coated specimens are compared to those of the hardened steel
specimen. Friction coefficients, wear, and wear surface morphology are evaluated in refrigerant R134a, refrigerant Rl2, air,
and argon environments. The results from the study suggest that the diffusion processes, namely the liquid nitriding, ion
nitriding, and boronizing do not seem to offer any tribological advantages over hardened M2 steel under the conditions
studied. The TiN coating deposited by a chemical vapor deposition (CVD) process provides an order of magnitude lower wear
than the other surface treatments considered. However, the coefficient of friction and wear depth on the mating surface is
higher with the TiN coating than with the other surface treatments. This higher friction and wear is caused by the very hard
and sharp asperities formed by the CVD process.
INTRODUCTION
M2 tool steel is representative of a class of materials which are used under conditions characterized by a rapid
application of loads and high temperatures, such as machining tools, high temperature springs, and bearings. The application
of interest in this study is for the vane material in rolling piston compressors. In this application, the vane which has a
cylindrical surface, slides on a gray cast iron piston. This is the critical tribological contact in the rolling piston compressor.
This line contact can experience maximum contact pressure of about 1378 MPa (200,000 psi). In a previous study [1], it was
found that the wear of a hardened M2 tool steel sliding on cast iron in a refrigerant R12-mineral oil environment, can be three
times lower than the wear of the same contact pair in a refrigerant R134a-polyolester oil environment. Since R134a is
replacing Rl2, some measures should be taken to improve the tribological characteristics of the vane-piston interface when
operated in a R134a-polyolester oil environment. One solution to this problem may be to increase the wear resistance of the
vane by applying various wear resistant treatments or coatings to its surface. Improvement of the wear resistance of steel
parts in a refrigerant environment, by applying an ion nitriding treatment, has been reported in the literature [2]. Hence, the
tribological evaluation of various surface treatments for M2 steel in refrigerant environments is the major goal of this study.
APPARATUS
All tests in this study are conducted in a specially designed high pressure tribometer (HPT). In the HPT, the test is
conducted within the confines of a pressure chamber (Fig 1). The HPT is capable of providing pressures from 167 Pa (50
J.Lin. Hg vacuum) up to 1.72 MPa (250 psig). The chamber consists of two halves that are separated to permit cleaning,
mounting of specimens and supplying of oil to the cup. When testing lubricated contacts, the contact pair is totally
submerged in the lubricant.
A large variety of contact geometries can be tested with the HPT. Any contact pair which requires simple sliding
conditions can be simulated. The upper specimen is secured to the spindle and thus models the moving part of the contact.
The cup, which is secured to the lower half of the chamber, holds the lower, stationary specimen.
The environmental temperature in the chamber can be raised to 120 °C (250 °F) by cartridge heaters incorporated in
the chamber walls. The heaters are controlled by a microprocessor. The desired temperature of the contact is achieved by
pumping a heat transfer fluid through the spindle. The temperature of the fluid is controlled by an external unit which is
capable of maintaining constant contact temperatures from -10 to 130 °C (14 to 265 °F).
The loading and spindle motion of the HPT are controlled by two servo motors. The motion of the spindle can be
either simple unidirectional (0-2000 rpm), or oscillatory with a variable amplitude (0-180°), frequency of up to5 Hz, and a
sinusoidal or a triangular wave form. The load on the specimen can be constant or oscillatory with the same frequency and
wave characteristics. It can be accurately set to any value between 45 and 4450 N (10- 1000 lbO.
Feedback for the axial load is provided by a complex transducer. The tribometer also generates signals for the
environmental and contact temperatures, the motion of the spindle and the lower half of the chamber, and the friction
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The system allows real time
coefficient. The data are transmitted to a computer-based data acquisition and processing system.
monitoring, recording and graphics display of the data.
The HPT has also been outfitted with facilities for purging, charging, and sampling.
Line
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Fig. 2 - Simulation of the critical contact

Fig. 1 - Schematics of the pressure chamber of the HPT
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Table 1 -Geometry of specimens, kinematics, and test conditions
Diameter= 6.35 mm (0.25 in}, Len~th = 9.53 mm(0.375 inJ
Pin Dimensions
Diameter= 76.2 mm- (3 in.)
ns
Plate Dimensio
Temperature= 80.6 °C (177 °F), Pressure= 1378 MPa (200 ksi) or 1034 MPa {150 ksi)
s
Condition
Contact
Averaee Amolitude = 16.6 mm (0.65 in.). Freauencv = 5 Hz.
Slidinl!; Displacement
Average Amplitude= 0.53 m/s(1.73 fils), Freauencv =5Hz.
Slidil!K Velocitv
Environmental Conditions Temperature = 80.6 oc 077 °F), Pressure = 1.55 MPa (225 osie)
Alkylbenzene oil (used with the Rl2) 57 cS @ 40 oc and 5.8 cS @ 100 °C
Lubricants,
Polyolester oil (used with air argon and R134a) 24 cS @ 40 °C and 4.88 cS @ 100 °C
Viscosity
Air, Argon Tetrafluoroethane (R134a), Dichlorodifluoromethane fR12)
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c
0.95- 1.05
Table 3 - Surface characteristics of the specimens (averaged)
Surface Treannent

M2 tool steel pin - j!;as nitrided
M2 tool steel pin - liauid nitrided
M2 tool steel pin - plasma nitrided
M2 tool steel pin - boronized
M2 tool steel Pin -TiN coated (CVD)
M2 tool steel pin - throu_gh hardened
Grav cast iron plate - induction hardened

Hard Layer
Thickness
J..ll!1 oo-3 in.)
200 (8.0)
25 (1.0)
25 (1.0)
12 - 25 (0.5 - l.Ql
5 - 10 (0.2- 0.4)

-

-

Surface
Hardness, HV

Substrate
Hardness, HV

Surface Roughness
IJ.lil (J.Lin.) Ra

1450
1540
1690
1260
2630
913
570±70

914
938
918
730
940
910

0.28 (11.0)
0.29 (11.4)
0.26 (10.2)
0.25 (9.84)
0.32 (12.6)
0.29 (11.4)
0.058 (2.3)

-

The surface roughness is measured with a DEKTAK stylus surface profiler. The surface roughness variation is from
0.24 to 0.33 IJ.lil Ra for the pins, and from 0.043 to 0.073 J.liil Ra for the plates, with average values given in Table 2. The
surface hardnesses of the specimens used for this study are typical for the surface treatments applied [5, 6, 7]. The only
discrepancy is with the boronizing treatment for which the hardness of the surface was below the values usually achieved
with this process. The substrate hardness values are close to the hardness of the hardened steel specimen, with the exception
of the boronizing process. The reason for this lower hardness value is that the boronized specimens are not heat treated after
the boronizing process. Since the process temperature lies above the tempering temperature for M2 steel, the substrate loses
some of its hardness.
Preparation for the test
Before each test, the specimens are ultrasonically cleaned with suitable solvents and then rinsed with 2-propanol to
remaining residues. After cleaning, the specimens are dried with hot air and installed into the test chamber. Oil is
any
remove
supplied to the cup. Next the chamber is purged to a vacuum of at least 200 microns and then charged with the appropriate
gas. The gas-oil mixture in the tribometer is maintained at thermal and pressure equilibrium for one hour prior to initiating
the test, to permit the gas to fully saturate into the oil
Measurements of friction and wear
The frictional force and the load on the specimen were monitored constantly throughout the test by a computer
controlled data acquisition system. The wear on the tool steel pin was obtained by measuring the width of the wear scar by an
optical microscope. The wear volume was then calculated using simple geometry. The wear on the plates was measured by
taking surface profiles on the plate perpendicular to the wear scar. Additional qualitative information on the nature of wear
was obtained with optical and electron microscopes.
RESULTS AND DISCUSSION
Friction and wear results for the tests conducted at 1378 MPa (200.000 psi) maximum contact wessure
All the surface treatments were initially tested at 1378 MPa (200 ksi) maximum contact pressure in R134apolyolester oil mixture. The duration of these tests was 10 hours. The results from these tests are presented in graphical form
in Fig 3.
The TiN coating was expected to give the least wear on the pins, and this was confirmed by the tests. It showed
wear volumes an order of magnitude less than the other surface treatments. Due to their higher surface hardness, the other
surface treatments were expected to provide lower wear volumes than that obtained on the hardened pin. Two of the surface
treatments, namely the liquid and the ion nitriding, produced almost the same wear volumes as the hardened specimen. The
other two, the gas nitriding and the boronizing produced twice and three times larger wear, respectively. In the case of the gas
nitriding, the high wear was due to the chipping of the relatively thick and brittle case. The boronizing gave the worst wear
results. This behavior could be explained by the fact that the substrate of the specimen was relatively soft (see Table 2). The
thickness of the hard layer was typically very small for this surface treatment, and without the support from the substrate it
was easily worn under the high contact pressures used in this study. The coefficient of friction (Fig 3c) was similar for all
specimens with the exception of the TiN coating, which produced friction coefficients twice as large as the other treatments.
The boronizing specimens consistently showed the lowest friction coefficients.
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wear on the pins. The highest wear on
The wear on the gray cast iron plates (Fig 3b) showed a trend opposite to the the boronized specimen.
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Fig. 3 - Friction and wear results for various surface treatments on the pin
and (d) a typical friction record.
(a) wear on the pin, (b) wear on the plate, (c) time average coefficient of friction,

Wear surface mor;pholo2y for the various surface treatments
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due to the reduced adhesion component of the friction force [4].
the SEM (Fig. 4d) shows wear and
The boronized surface gave the largest wear scars. Examination with
the cases produced by the boronizing treatment
smoothening of the asperities on the surface of the specimens. Even though
ns, the worn surfaces were examined with
In order to better understand the friction and wear behavior of the specime
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are in general very thin (Table 2), the hard layer does not seem to be completely worn anywhere on the
surface of the pin.
The asperities produced by this treatment are rounded, and therefore, they probably did not abrade the counterface
as much as
the TiN coating.
·
.
A photograph of the liquid nitrided pin is given in Fig 4e. In this case, the type of wear observed_ IS
~ery much
similar to that observed on the surface that was only hardened. (Fig. 4f). This is due to the fact that the
case IS thmner than
those produced by the gas and ion nitriding, and there is less growth of nitrides on the surface. For both
the liquid nitriding
and the specimen that was only hardened, the observed difference in the surface appearance of the wear
scar compared to the
virgin surface is due to the smoothening of the grooves left from the machining of the specimens.

Fig. 4 - Micrographs of the wear on the pin surface for various surface treatments
(a) gas nitrided, (b) ion nitrided, (c) TtN coated, (d) boronized, (e) liquid nitrided, and (f) hardened only
Wear rate on the surface of the pin
Records of the friction coefficient throughout the test (Fig. 3d) show that it was higher at the beginning
of the test
and then gradually decreased to a steady-state value. Wear rate could be expected to follow a similar pattern.
This hypothesis
was verified by periodically measuring the wear scar throughout the test. The intervals between the
measurements were
gradually increased. The ftrst measurement was taken after 15 minutes of testing. The following measureme
nts were taken in
intervals of one hour, five hours, and ten hours, respectively. The surface treatments tested were
ion nitriding, liquid
nitriding, boronizing and hardened steel. The gas nitriding was not tested because of the cracking in the
hard layer. The TiN
coating was not tested as well, because no measurable wear could be obtained in less than ten hours. All
tests were conducted
at 1034 MPa (150 ksi) contact pressure and in R134a-polyolester oil mixture. Data from this set of tests
are given in Fig. 5.
From the figure, it is evident that steady-state wear rates are achieved after about one hour. Exept for the
liquid nitriding, the
wear rates remain approximately constant after this initial run-in period.
Effect of the environment
For comparison purposes, tests in Rl2, air and argon were also conducted. The duration of these tests was
one hour
and the maximum contact pressure was 1034 MPa (150 ksi). The TiN coating and the gas nitriding
treatments were not
tested for reasons stated above. Polyolester oil was used with the R134a, air, and argon environments, while
alkylbenzene oil
was used with the Rl2 environment. The results from these tests are shown in Fig. 6.
In the presence of air, the wear tended to increase. This increase was more pronounced for the liquid
nitrided and
boronized specimens, and less pronounced for the ion nitrided and hardened specimens. In order to check
whether the presence
of oxygen is the reason for this behavior, tests in an argon atmosphere were conducted as well. The wear
on both pin and
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a Rl34a environment. Thus, an oxidizing environment
plate specimens for these tests were similar to the wear obtained in
ted in a R12 environment consistently produced lower
conduc
tests
may be detrimental for the contact and oil under study. The
wear volumes, which is in line with some previous observations [1].
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SUMMARY OF THE RESULTS
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observations can be made as the result of this experimental program:
and boronizing do not seem to offer any
1. The diffusion processes, namely the liquid nitriding, ion nitriding,
tribological advantages over hardened M2 tool steel.
for M2 steel because it produc es a very
2. The gas nitriding process, regardless of the case thickness, is not suitable
brittle case, which cracks and chips-off under concentrated load.
magnitude lower wear than the other surface
3. The TiN coating deposited by a CVD process provides an order of
treatments considered.
with the TiN coating than with the other
4. Coefficient of friction and wear depth on the mating surface is higher
on the surface of the coated specimen
edges
with sharp
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, with more rounded asperities
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a
s
which abrade the mating surface. A CVD or PVD process which provide
should be used for better friction and wear results.
wear of both mating surfaces is lower in an
5. When a base version of polyolester oil is used as a lubricant, the
as in R134a environment.
same
the
Rl34a refrigerant environment than in air. Wear in argon is approximately
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